Neutron resonance analyses have been performed for the capture cross sections of 186 Os, 187 Os, and 188 Os measured at the n TOF facility at CERN. Resonance parameters have been extracted up to 5, 3, and 8 keV, respectively, using the SAMMY code for a full R-matrix fit of the capture yields. From these results average resonance parameters were derived by a statistical analysis to provide a comprehensive experimental basis for modeling of the stellar neutron capture rates of these isotopes in terms of the Hauser-Feshbach statistical model. Consistent calculations for the capture and inelastic reaction channels are crucial for the evaluation of stellar enhancement factors to correct the Maxwellian averaged cross sections obtained from experimental data for the effect of thermally populated excited states. These factors have been calculated for the full temperature range of current scenarios of s-process nucleosynthesis using the combined information of the experimental data in the region of resolved resonances and in the continuum. The consequences of this analysis for the s-process component of the 187 Os abundance and the related impact on the evaluation of the time duration of galactic nucleosynthesis via the Re/Os cosmochronometer are discussed.
I. INTRODUCTION
The possibility to determine the age of the galaxy via the β decay of 187 Re (t 1/2 = 41.2 Gyr [1] ) has attracted considerable attention because the related nuclear physics aspects are accessible to experimental studies. Apart from its radiogenic component, 187 Os is synthesized only by the s process during the asymptotic giant branch (AGB) phase of low-mass stars because it is shielded by 187 Re against the neutron-rich side of the stability valley, where the r process takes place. The fact that its neighbor isotope 186 Os is of pure s-process origin provides a direct way for defining the s component of 187 Os as well.
The s-process chain within the reaction network is sketched in Fig. 1 . The resulting abundances can be reliably determined with current stellar models [2, 3] , provided that the neutron capture cross sections of the involved isotopes are accurately known. This means that the radiogenic component of the 187 Os abundance, N c ( 187 Os), in the solar system can be obtained with confidence for a quantitative determination of the mother/daughter ratio required for the assessment of the Re/Os cosmochronometer. In this context it is to be noted that 187 Re is essentially produced in the r process, which is believed to occur in supernova explosions of massive stars. Since these stars evolve quickly, the clock started early after galaxy formation. This was confirmed by recent observations of very metal poor stars, which exhibit remarkably consistent r-process abundance patterns [4] [5] [6] .
Following first attempts to use the analytic model of Clayton [7] by Luck et al. [8, 9] it turned out that the quantitative analysis of the Re/Os clock is complicated for a number of reasons. Apart from the astrophysical question for the production rate of 187 Re with time [10] [11] [12] [13] , other key problems refer to several nuclear physics issues. Takahashi and Yokoi [14] pointed out that the β-decay rate of 187 Re is drastically enhanced at stellar temperatures in excess of about 10 8 K, * Kaori.Fujii@ts.infn.it when the increasing degree of ionization opens additional decay channels to unoccupied atomic orbits (bound state decay). The theoretically expected decay rate for fully stripped 187 Re could be quantitatively confirmed by a direct half-life measurement at GSI [15] , thus providing a sound solution for the crucial problem that part of 187 Re was destroyed in later stellar generations. The corresponding correction of the Re/Os clock for this astration effect was conservatively reported to contribute an uncertainty of 2-4 Gyr to the Re/Os age [16, 17] .
The second main issue is the separation of the radiogenic component of the 187 Os abundance, which is obtained by subtraction of the s-process component from the solar abundance value, N c ( 187 Os) = N ( 187 Os) − N s ( 187 Os).
A possible small contribution of 1% from the p process can be neglected in this context as discussed in Sec. IV. The s component of 187 Os is determined by the local approximation for the s-process reaction chain,
where σ is the Maxwellian average (n,γ ) cross section (MACS) at the stellar site of the s process and N s the s abundance of a particular isotope. This approximation is well satisfied for the W-Re-Os isotopes, because the MACSs are sufficiently large in this mass region to establish reaction flow equilibrium during the s process [3] . The sketch of the reaction flow in Fig. 1 shows that the immediate neighbor isotope 186 Os is of pure s process origin because it is shielded from possible r-process contributions by its stable isobar 186 
As outlined in Papers I [18] and II [19] factors (SEF). These corrections are required because lowlying nuclear states can be thermally populated in the hot and dense stellar site of the s process. The effect of neutron captures on excited states has to be calculated using the HauserFeshbach statistical model (HFSM) [20] . With this approach, reliable cross section calculations can be performed, provided that a consistent set of input parameters has been determined on the basis of experimental information.
In Sec. II, average resonance parameters such as mean level spacings D 0 , average radiative widths γ , and neutron strength functions S 0 are derived from comprehensive resonance analyses of the n TOF data presented in Paper I [18] . These quantities, which are crucial for establishing a reliable parameter set for the HFSM calculations, were complemented by the information on the neutron transmission functions for excited nuclear levels, which could be derived in Paper II from the inelastic-scattering cross section populating the first excited state in 187 Os [19] . The second part of the article is devoted to the description of the HFSM calculations and to the evaluation of the stellar enhancement factors (Sec. III). At the end, a brief discussion of the consequences of the improved nuclear physics input for the Re/Os clock is added in Sec. IV.
II. RESONANCE ANALYSES

A. Capture cross sections
The (n,γ ) cross sections under analysis were measured at the CERN pulsed neutron facility n TOF [21, 22] . Neutrons were generated by spallation reactions induced by a beam of 20 GeV protons with a 6-ns pulse width and 0.4-Hz repetition rate in a massive lead target. In the energy range of the present measurement between 1 eV and 1 MeV the nominal flux at the end of the 185 m flight path was 2 × 10 5 neutrons per energy decade per proton bunch. The corresponding resolution in neutron energy was between 3 × 10 −4 and 4 × 10 −3 . Capture events were recorded with two C 6 D 6 scintillation detectors via the prompt γ -ray cascades. The relative neutron flux was measured upstream of the capture samples with a low The samples, which were encapsulated in 0.1-mm-thick aluminum cans, consisted of ≈2 g of metal powder with isotopic enrichments between 70 and 95% (Table I) . Additional samples of 197 Au, nat C, and nat Pb were used for neutron flux normalization and for background measurements.
A detailed description of the measurements and data analysis was presented in Paper I [18] .
B. R-matrix fits
The capture yields in the resolved resonance region were analyzed with the multilevel R-matrix code SAMMY [23] . The code was used in the Reich-Moore formalism and included corrections for Doppler and resolution broadening as well as for sample multiple scattering and self-shielding. Resonances due to isotopic impurities (Table I) were properly considered. By means of statistical methods it was verified that all observed resonances can be confidently assumed to be s wave [24] .
For resonances with n γ , the values for g n were adopted from transmission experiments [25] , while radiative widths, γ , and resonance energies, E r , were determined by the R-matrix fit. In these cases, only the SAMMY results for γ and E r are given with uncertainties in the appendix. Resonance parameters with zero uncertainty were treated as fixed values in the SAMMY fits. In this way, γ values could be obtained for 52, 32 , and 61 resonances in 186 Os, 187 Os, and 188 Os, respectively. The average values γ determined from that ensemble were then used in the analysis of resonances with small n and for the new resonances, especially at higher neutron energies. In the more difficult cases with n ≈ γ , the g n data of Ref. [25] and γ were basically used as start values in the fits, but the adopted values in the appendix were decided according to the quality of the fits.
Resonance parameters have been extracted up to 5, 3, and 8 keV for 186 Os, 187 Os, and 188 Os, respectively, and new resonances could be resolved for energies higher than 3.4, 1.0, and 4.9 keV in these isotopes. Because there was no information concerning the neutron widths of these new resonances, only the capture kernels g γ n / could be determined, where
is the statistical weighting factor for target nuclei with spin I and compound states of total angular momentum J . kernels are given for those resonances in the appendix, where suited g n values are missing in Ref. [25] .
It was found that the first few resonances of 186 Os and 187 Os could not be fitted because of sample inhomogeneities, which gave rise to strange resonance shapes. Simulations of this effect in transmission data [26] showed that it is determined by the ratio of sample thickness and grain size. Compared to the sample thickness of 0.5 mm the similar grain size of the Os metal powder of ≈0.2 to 0.5 mm could in fact explain the problematic resonance shapes of the first strong resonances [27] . The effect of sample inhomogeneities could not be treated with the present version of SAMMY.
The deduced resonance parameters are listed in the appendix. Examples of SAMMY fits are shown in Fig. 2 .
C. Statistical analysis and average quantities
The present set of resonance parameters was used for a statistical analysis to determine the nuclear properties required for the cross-section calculations described in Sec. III, i.e., average level spacings D 0 , average radiative widths γ , and neutron strength functions S 0 . The overview in Table II shows the number of analyzed resonances compared to the subset used in the statistical analysis.
The cumulative number of resonances as a function of neutron energy shown in the staircase plots of Fig. 3 provide an efficient way to investigate level populations and missing levels. The average s-wave level spacings D 0 are directly related to the inverse slope of these plots and can be obtained by the linear least-squares fits indicated by straight lines. The corresponding entries in Table III have been verified by means of a maximum-likelihood analysis assuming a Wigner distribution for the level spacing. The results of this approach were fully consistent with those from the straight-line fit of the cumulative number of levels.
The average quantities deduced from our data sets of resolved resonance parameters are compared in Table III with the reference values of Mughabghab [25] . The results for D 0 are compatible for the even isotopes within uncertainties but for 187 Os we find a significant difference. Since the total number of observed resonances in our measurement is almost identical with those in Ref. [25] we believe that this difference is due to the adopted method for extracting D 0 .
The distribution of reduced neutron widths ( 0 n = n / √ E r ) from our data sets are compared with the theoretical PorterThomas (PT) distributions in Fig. 4 . The good agreement suggests that only a few weak resonances might have been missed in 187 Os. This has been confirmed by means of the missing level estimator [28] to obtain the average reduced neutron widths.
Assuming a PT distribution for the reduced neutron widths and a Wigner distribution for the level spacing the s-wave neutron strength function is
where N 0 denotes the number of resonances. The present neutron strength functions agree within the (rather large) uncertainties with those of Ref. [25] ( Table III) .
The average radiative widths could be determined with improved accuracy as described in subsection II B. The present results are consistently smaller than the values in Ref. [25] . This holds in particular for 188 Os.
III. CROSS SECTIONS AT STELLAR TEMPERATURES
A reliable theoretical description of (n, γ ) cross sections is crucial for evaluating the effect of excited states, which are thermally populated at the high temperatures at the stellar site of the s process. The average resonance parameters obtained as described in the previous section are important for establishing a consistent parametrization for model calculations of the required stellar (n,γ ) cross sections. The calculations for the respective ground states can be validated against the experimental cross sections and then extended to include the effect of the excited states. The energy range 0.1 keV E n 1 MeV for this comparison is completely covered by the high-resolution results of the n TOF measurement presented in Paper I [18] .
A. Statistical model calculations
In the energy and mass range of interest for this work, the Hauser-Feshbach statistical model (HFSM) is perfectly 015804-5 suited for the calculation of the neutron induced cross sections for the various reaction channels. The HFSM theory relies on the assumption that the reaction proceeds through the formation of a compound nucleus and that the subsequent decay follows well-established statistical properties. In the case of the Os isotopes this assumption has been verified in the previous section where it was shown that the level spacings follow Wigner distributions and the (reduced) neutron decay widths follow PT distributions. Accordingly, the simple HFSM formula for the neutron capture cross section at incident energy E n holds,
where k n is the wave number, l the orbital angular momentum for the neutron-nucleus relative motion, and g J the statistical weighting factor for target nuclei in state i. The statistical fluctuation properties of the different reaction channels are accounted for by the factor W γ .
The calculated stellar MACSs have to be weighted with the temperature-dependent population probabilities of states i defined by
where E i are the excitation energies of target states populated at temperatures kT . Various HFSM implementations produced so far differ among each other by the different nuclear structure and deexcitation models used for the calculation of the transmission functions for the elastic (T n ), inelastic (T n ), and γ -ray (T γ ) channels entering in Eq. (5). Examples of widely used approaches for nuclear astrophysical applications are those of Holmes et al. [29] , Harris [30] , and the most recent versions of NON-SMOKER [31] , MOST [32] , and TALYS [33] . Most of these references include also HFSM computer codes for calculation of reaction cross sections. A repository of parameters and systematics of nuclear structure quantities can be found in the "RIPL" initiative (RIPL-2 [34] ).
In general, neutron transmission functions are calculated from the optical model description of the neutron-nucleus interaction. In addition, the probabilities for γ -ray emission can be deduced from giant dipole resonance excitation (GDR) models, applying time-reversal invariance (detailed balance) and the Brink-Axel hypothesis.
The present calculations of the neutron capture cross sections of 186 Os, 187 Os, and 188 Os were executed with the nuclear reaction code TALYS [33] using the standard optical model parameters (OMP) of Moldauer [35] with the real part of the spherical potential adjusted to reproduce the inelastic cross-section measurement (Paper II) [19] . The level-density parametrization is that of Gilbert and Cameron [36] with level-density parameters a, which are adjusted to reproduce the average level spacings D 0 deduced from the present n TOF analysis.
The γ -ray transmission coefficients were calculated according to the Brink-Axel model with a double-peaked Lorentzian shape [33, 37] using the GDR parameters given in Table IV . Since data for 187 Os were missing, the ones for 189 Os have been adopted in this case. The average γ -ray strengths were normalized to reproduce the experimental MACS values at kT = 30 keV [18] . Because of this normalization, the influence of small variations in the GDR parameters is completely negligible.
Additional Os. The coupling strengths were deduced from the ground-state quadrupole and octupole deformations, which are also available from the ENSDF data library [38] . Both sets of calculations were normalized to reproduce the MACS at kT = 30 keV (Paper I, Ref. [18] ).
These calculations are compared in Fig. 5 with the experimental results obtained at n TOF [18] and in previous measurements [39] [40] [41] . One finds that the use of the deformed OMP sets does not provide a better description of the capture cross sections in the energy range of interest compared to the spherical OMP approach. This can be due to an overestimation of the coupling strength deduced from the static quadrupole deformations. In the actual situation, a smaller coupling strength could be more appropriate for the description of the experimental data, a situation comparable to that described by a spherical OMP set. In all cases, the cross sections obtained with the spherical OMP are closer to the experimental data, [35] , a deformed optical model with channel coupling, and a spherical OMP set with optimized parameters derived from experimental data. The experimental data are best described by the modified parameter set deduced as described in Sec. II. particularly at the kinks, which mark the opening of inelastic channels.
The preference for the calculations with the present spherical OMP approach is further supported by the plot of the MACS ratio R σ = σ 186 / σ 187 in Fig. 6 . A similar behavior is also seen in the comparison with the experimental data for the inelastic cross section, where deformed OMP calculations also do no improve the results obtained with spherical OMPs. In fact, the best agreement with the data for the neutron capture as well as for the inelastic channel is found by a small adjustment of the spherical OMPs, i.e., by simply reducing the strength for the real part of the spherical potential from V 0 = 46 to 42.5 MeV. This modification has little impact on the calculated capture cross section as illustrated in Figs. 5 and 6.
As a conservative estimate of the uncertainties related to the OMPs, the deviation of the cross sections calculated with the three OMP sets from the mean value was adopted in the evaluation of the stellar enhancement factors.
B. Stellar enhancement factors
The stellar reaction rates that are required to determine the s-process abundances of 186 Os and 187 Os must be evaluated by due consideration of the possibility that low-lying excited states are populated in the dense thermal photon bath at the stellar site of the s process. Neutron capture rates are sensitive to this effect because the cross sections for excited states may well differ from that of the ground state. The importance of the contributions by excited states to the effective stellar cross section has been discussed in Paper II [19] .
The capture cross section of excited states can be modeled as for the ground state. However, there are additional inelastic scattering channels, which have to be considered, i.e., the superelastic channel, where the incident neutron is scattered on an excited state to a lower state in the target. Accordingly, the transmission coefficients T n ,ls for the inelastic channels in Eq. (5) must include the open superelastic channels. Comparison of the model calculation with experimental data for the inelastic-scattering cross section provides a good benchmark for the neutron-nucleus interaction used to determine the transmission functions.
As a consequence of the compound nucleus reaction mechanism the compound nuclear states formed by capture on excited states are the same (except for total angular Fig. 5 . The average value at kT = 30 keV has been adopted for the estimate in Fig. 8 . The deviations from the mean can be conservatively assumed to represent the associated uncertainties. momentum) as those populated by capture on the ground state. Because the modeling of the reaction cross section for the ground state can be verified by means of the experimental capture cross sections, the uncertainties of the stellar cross sections are significantly reduced.
The stellar cross section σ * is defined as
where the SEF factor represents the correction for the contribution by excited states. The MACS for the measured (ground-state) cross section is
as discussed in Paper I [18] . The SEF corrections are particularly relevant for 187 Os, where the ground state is populated by only about 30% at kT = 30 keV, while 70% of the nuclei exist in excited states, 47% alone in the first excited state at 9.75 keV, the state which strongly dominates the competition by inelastic and superelastic scattering. The comparison of the SEF values for 186 Os and 187 Os in Fig. 7 underlines the importance of this correction for 187 Os in the relevant range of thermal energies around kT = 25 keV.
An uncertainty of ±4% was estimated for the SEF of 187 Os at kT = 30 keV from the difference between the results obtained with a spherical and a deformed optical model potential for the neutron-nucleus interaction. This value corresponds to a 17% uncertainty for the entire contribution of the excited states to the overall cross section. The relatively small uncertainty is justified for the well-studied case of 187 Os. In general, SEF corrections can be estimated with uncertainties of ≈5% if the capture cross sections for the ground state are known with sufficient accuracy and if the model parameters in the HFSM calculations can be determined from experimental data.
The recommended sets of SEFs for 186 Os and 187 Os determined in the present calculations are summarized in Table III of Paper I [18] .
IV. TUNING THE CLOCK
The implications of the different uncertainties of the Re/Os cosmochronometer are illustrated by their impact on the time duration of nucleosynthesis and consequently on the galactic age using the schematic model proposed by Fowler and Hoyle that assumes an exponential decrease of element production by the r process, which is commonly associated with supernovae [7, 42] .
Application of this model to the Re/Os cosmochronometer provides a straightforward way to study the impact of the uncertainties related to the nuclear physics involved. For an exponentially decreasing production rate of 187 Re, the abundance ratio 187 Os/ 187 Re evolves with time as
where and t 0 stand for the time constant and duration of r-process nucleosynthesis, λ for the decay rate of 187 Re, and 187 Os for the radiogenic part of the isotopic abundance defined in Eq. (1) [7] . The present MACS values have been used for deriving the radiogenic component of 187 Os in order to minimize systematic uncertainties in the cross section ratio σ 186 / σ 187 as described in Sec. V of Paper I [18] .
In Eq. (9) is plotted in Fig. 8 Table VI is indicated by the shaded horizontal bar. The thick solid lines refer to a solution with = 0.5 Gyr −1 , which matches the age derived from WMAP (vertical bar) [44] . The effect of the SEFs is illustrated by the dashed line, where these corrections have been omitted.
for different assumptions concerning the history of r-process nucleosynthesis before the formation of the solar system 4.55 Gyr ago. The two extreme conditions for the production rate of 187 Re corresponding to time constants ⇒ 0 and ⇒ ∞ lead to the cases of a sudden origin at the beginning of the galaxy and a uniform production with time.
The horizontal bar in Fig. 8 indicates the ratio obtained with the input data listed in Table VI , which restrains the age between 7 and 15 Gyr according to the extreme assumptions for the production rate. The exponential solution marked by thick by solid lines in Fig. 8 , which corresponds to a time constant = 0.5 Gyr −1 , was chosen to reproduce the age claimed by the Wilkinson Microwave Anisotropy Probe (WMAP) collaboration [44] .
The main purpose of Fig. 8 is, however, to illustrate the important effect of accurate neutron cross sections. The present improvement of the (n,γ ) cross sections and of the SEFs implies a reduced uncertainty in the time duration of nucleosynthesis, t 0 , of about 0.5 Gyr. The SEF correction itself affects the clock by 1.5 Gyr as indicated by the dashed horizontal line.
A complete picture of the various nuclear physics components and of the related uncertainties (including the observed abundances) is summarized in Table VI . The full set adds up to less than 1 Gyr uncertainty in the age. At this point, the remaining relevant uncertainties of the Re/Os clock are all related to astrophysical rather than nuclear issues.
The first astrophysical issue concerns the effect of astration describing the fate of 187 Re going through different stellar generations. Because of the strong temperature dependence of its half-life, 187 Re can be partly destroyed in this way. Another important aspect concerns the time dependence of the production rate, which has to be treated in the framework of an appropriate galactic chemical evolution model including a detailed calculation of the s-process abundance components.
In the light of the improved nuclear physics input, it appears rewarding to address the astrophysical part of the Re/Os clock with new interest. Current progress in stellar modeling and galactic chemical evolution may well provide an extended and consistent analysis of the Re/Os age, which would be a most valuable complement to other cosmochronometers such as the Hubble age [45] , the age of globular clusters [46] , and the age deduced from the cosmic microwave background [47] and from the U/Th abundances in extremely metal-poor halo stars [4] [5] [6] . While each of these chronometers has intrinsic problems by itself, their combination will provide a much firmer value for the age of the universe.
The different features of the radioactive dating methods based on 187 Re and U/Th can be considered as an example for this expectation. While the nuclear part is well understood, the persisting problem of the Re/Os clock is related to the time dependence of galactic evolution [10, 11] . Contrary, extremely metal-poor stars were formed very early in the galaxy and their present U/Th ratio is the result of free decay in a well-defined closed system, undisturbed by chemical evolution effects. In this case, however, the difficulty resides in the nucleosynthesis part, because the initial U/Th abundances are determined by the large nuclear physics uncertainties on the r-process path that runs close to the neutron drip line. Therefore, the combined analysis of both clocks may provide important constraints for galactic chemical evolution.
V. SUMMARY
The neutron capture cross sections of 186, 187, 188 Os, which were measured at CERN n TOF [18] , have been analyzed in All spins are defined as s wave. Parameters with zero uncertainty were treated as fixed values in the SAMMY fits. 
